Introduction
Liquid-liquid extraction (solvent extraction) is important in analytical chemistry as a method for collecting a target component in an aqueous solution by using an organic solvent immiscible with water. This method has the advantages of large extraction capacity, high processing speed, and high selectivity. These merits are favorable not only for chemical analysis but also for recovering valuable resources. Recently, the availability of liquid-liquid extraction is re-acknowledged and has moved into the limelight with the recovery and recycling of rare metals from industrial wastewaters and processing solutions. [1] [2] [3] [4] [5] As liquid-liquid extraction apparatuses of industrial scale, mixer-settler, [6] [7] [8] [9] [10] [11] [12] centrifugal extractor, [13] [14] [15] [16] spray extraction column, [17] [18] [19] [20] and pulsed or reciprocating-plate plug-flow extraction column [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] are known. In order to achieve high performance liquid-liquid extraction, it is favorable to mix aqueous and organic phases into an emulsion continually. Actually, only an apparatus that enables the two liquid phases to keep an emulsified state for a long time by using a continual mechanical force (stirring, shaking, centrifuging) can make the liquid-liquid system reach a condition of distribution equilibrium. The most popular liquid-liquid extraction apparatus that actualizes such an equilibrium condition is a mixer-settler. The two liquid phases are stirred and mixed by using an impeller in a mixer part, and then separated by gravitational settling in a settler part. Meanwhile, a centrifugal extractor that utilizes centrifugal force for the phase separation does not need to wait for the gravity settling, which means more rapid processing than mixer-settler with a downsized apparatus. However, the centrifugal extractor has a disadvantage of being complicated in its structure, and thus, it needs high cost compared with a mixer-settler that has a relatively simple structure.
On the other hand, a spray extraction column and a pulsed or reciprocating-plate plug-flow extraction column are not intended to reach an equilibrium condition in the distribution of a target component between aqueous and organic phases. Thus, these apparatuses do not make the two liquid phases into an emulsion, or rather, they avoid the emulsion formation which makes it difficult to coalesce out. Even though the extractability of a target component with such apparatuses that cannot actualize an equilibrium condition is usually insufficient, such apparatuses are chosen in the case of needing to make a quick extraction treatment, e.g., in nuclear fuel reprocessing where long-time radiation from radioactive nuclei on solvent and extractant is unfavorable.
A new apparatus for liquid-liquid extraction, named "emulsion flow" extractor, is introduced in the present study. This apparatus has two prominent features. One is high emulsification ability comparable to that available by stirring with an impeller. In the emulsion flow extractor, a flow of a white cloudy state fluid (emulsion), referred to as "emulsion flow", is generated by spraying micrometer-sized droplets of an aqueous phase from a head that is set inside a column part into an organic phase loaded in the apparatus. The emulsion condition obtained in the emulsion flow extractor is equivalent to that achieved in a mixer-settler. That is to say, the emulsion flow extractor has a mechanism to perform efficient liquid-liquid extraction comparable to that of a mixer-settler by only solution sending without continually adding mechanical forces (stirring, shaking, centrifuging). This manner is similar to a method using a column filled with an ion-exchange resin or an adsorbent. Also, no high-pressure pump is necessary for solution sending in the A simple and low-cost apparatus for continuous and efficient liquid-liquid extraction, which does not need continual mechanical forces (stirring, shaking, etc.) other than solution sending, has newly been developed. This apparatus, named "emulsion flow" extractor, is composed of a column part where an emulsified state fluid flow (emulsion flow) is generated by spraying micrometer-sized droplets of an aqueous phase into an organic phase and a phase-separating part where the emulsion flow is destabilized by means of a sudden decrease in its vertical liner velocity due to a drastic increase in cross-section area of the emulsion flow passing through. In the present study, the performance of a desktop emulsion flow extractor in the extraction of Yb(III) and U(VI) from aqueous HNO3 solutions into isooctane containing bis(2-ethylhexyl) phosphoric acid (D2EHPA) was evaluated. The mixing efficiency of the emulsion flow extractor was found to be comparable with that of a popular liquid-liquid extractor, mixer-settler. Moreover, the emulsion flow extractor proved to have an overwhelming advantage in terms of phase-separating ability. Original Papers emulsion flow extractor like spray extraction column. This means markedly low fabrication and running costs of the emulsion flow extractor due to its simplicity compared with conventional extractors that use continual mechanical forces for the two liquid-phase mixing. The other feature is the high performance of phase separation dramatically superior to that of a mixer-settler, like centrifugal extractor that uses centrifugal force for the phase separation. The flow of emulsified state fluid (emulsion flow) generated in a column part disappears promptly by itself when it reaches a phase-separating part. In the phase-separating part, the emulsion flow is destabilized by means of a sudden decrease in its vertical linear velocity due to a drastic increase in cross-section area of the emulsion flow passing through. Consequently, the emulsified state is rapidly separated into the two liquid phases as before. That is, the emulsion is forced to disappear instantly by such a mechanism in the phase-separating part without waiting for gravity settling. This means that the liquid-liquid extraction procedure with the emulsion flow extractor is performed more rapidly than with a mixer-settler. In this connection, the size of the emulsion flow extractor, which is equivalent to a mixer-settler in performance (processing capacity), is much smaller than that of the mixer-settler. In the present study, the extraction of Yb(III) and U(VI) from aqueous HNO3 solutions into isooctane containing bis(2-ethylhexyl) phosphoric acid (D2EHPA) as an extractant was carried out with the emulsion flow extractor to evaluate its performance.
Experimental
Outline of "emulsion flow" continuous liquid-liquid extraction apparatus of single current type Figure 1 shows the outline of an "emulsion flow" continuous liquid-liquid extraction apparatus of a single current type. 33 A desktop apparatus filled with aqueous and organic phases, i.e., in a standby condition, is also shown in Fig. 1 . This apparatus is composed of two parts; a column part and a phase-separating one. In the column part, micrometer-sized droplets of an aqueous phase are generated in an organic phase to create a flow of an emulsified state fluid (referred to as "emulsion flow") that is a fine mixture of the aqueous and organic phases as is seen in Fig. 2 ; the aqueous phase is sent into the organic phase by a pump through a head having a number of micrometer-sized holes. Meanwhile, in the phase-separating part, the emulsion flow is promptly extinguished (see Fig. 2 ). The vertical linear velocity of the flow of the micrometer-sized water droplets in the organic phase (water-in-oil emulsion) generated in the column part is suddenly slowed down at the entrance to the phase-separating part by a drastic increase in cross-section area of the emulsion flow passing through. The sudden decrease in the vertical linear velocity causes collisions among the micrometer-sized droplets that make them coalesce out (see Fig. 2 ). Thus, the emulsification of the two liquid phases and their phase-separation occur continuously in the same vessel of the apparatus, which enables a rapid and efficient liquid-liquid extraction.
Structure of the single current "emulsion flow" extractor
A desktop emulsion flow extractor of a single current type in Fig. 1 was originally fabricated. The structure of the apparatus is described below. The column part is a circular cylinder made of poly(vinyl chloride) whose diameter and height are 30 and 290 mm, respectively. A head inside the column part is a hollow cylinder made of polypropylene having 10 mm diameter and 50 mm in height with its one end being closed. The sidewall of the head is provided with 24 holes of 2 mm diameter and is covered with a teflon sheet having mesh with 70 μm pitch. The phase-separating part is like a box whose upper side coupled to the bottom of the column part is open, i.e., there is nothing between the column part and the phase-separating part. The height, width and depth of the phase-separating part are 90, 100 and 100 mm, respectively. The total volume inside the apparatus is about 1.1 L. An organic phase of 0.05 L is set in the column part. An aqueous phase of processing object is continuously introduced into the column part through the head by using a pump (gear pump, EFNIC Co., Ltd., GPE-PUA-2L) whose solution sending speed can be controlled from 0 to 2 L min -1 . The phase-separating part is wholly filled with the aqueous phase after processing and has a drain outlet at the bottom.
Liquid-liquid extraction experiments
A liquid-liquid extraction system with bis(2-ethylhexyl) phosphoric acid (D2EHPA), which is a popular extractant for rare-earth metals and uranium, [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] was chosen so as to evaluate the performance of the desktop emulsion flow extractor described above. The extraction of Yb(III) and U(VI) from aqueous HNO3 solutions into isooctane containing D2EHPA was carried out at room temperature (298 K). All reagents used in the extraction experiments were of commercially available analytical grade. The extractant D2EHPA (purity more than 95%) was purchased from Wako Pure Chemical Industries, Ltd. and used without further purification. The aqueous phase is an aqueous HNO3 solution adjusted at pH 2 containing 6 × 10 The experimental results obtained by using the emulsion flow extractor were compared with those obtained by using a commercially available mixer-settler.
The mixer-settler equipped with a pump (metering pump, IWAKI Co., Ltd., Hicera Pump V-05), whose maximum solution sending speed is 0.051 L min -1 , was purchased from Tokyo Rikakikai Co., Ltd. (EYELA). The height, width and depth of this box-shaped apparatus are 70, 225 and 70 mm, respectively. The total volume inside the apparatus is about 1.1 L.
Results and Discussion

Generation of "emulsion flow" and its disappearance
As is seen in Fig. 2 , "emulsion flow" is generated in the column part of the desktop emulsion flow extractor during the liquid-liquid extraction experiment described above. A fine mixture of aqueous and organic phases as an emulsion is produced by sending the aqueous phase into the organic phase, which means an equally efficient mixing ability to that of stirring or shaking. In addition, it is seen that the emulsion is completely extinguished at the entrance of the phase-separating part. The letters of "EXTRACTION" affixed in the backside of the phase-separating part can clearly be seen through the unclouded aqueous phase. Thus, the emulsion is rapidly separated into the two liquid phases without waiting for gravitational settling. The formation of an emulsion (a fine mixture of the two liquid phases) in the column part and successively occurring rapid phase separation in the phase-separating part in a single vessel of the apparatus having no partition give assurance a speedy and efficient liquid-liquid extraction.
Liquid-liquid extraction of Yb(III) and U(VI)
The extraction experiments were carried out with the single current emulsion flow extractor shown in Fig. 1 . The feed rate of the aqueous phase was fixed at 0.50 L min -1 . The total volume of the aqueous phase processed by the apparatus was 10 L. Figure 3A shows the extractability of Yb(III) or U(VI) from an aqueous nitric acid solution (pH 2) into isooctane containing 0.01 M D2EHPA obtained by measuring the metal concentration in the drainage sampled every 2 L as a function of the feed volume of the aqueous phase that has been totally processed. About 90% extractability was constantly obtained in the extraction of both Yb(III) and U(VI). In relation to this, batch tests with shaking the two liquid phases of the same volume in a stoppered test tube for 5 min by a vortex-mixer showed quantitative extraction of both Yb(III) and U(VI).
Effect of feed rate
The effect of feed rate of the aqueous phase on the extractability of Yb(III) was also examined. Although the feed rate decreased by half (from 0.50 to 0.22 L min -1 ), the extractability of about 90% was kept constant, as is seen in Fig. 3B . Thus, the performance of the emulsion flow extractor is quite stable against such a feed rate change.
In addition, time taken for restarting the emulsion flow extractor was also measured; once the apparatus was completely stopped and then restarted. It took about 5 s to reach a steady state of its operation forming an emulsion.
Comparison with mixer-settler
The performance of the emulsion flow extractor was compared with that of a commercially available mixer-settler. Figure 4A shows the mixer-settler used in the comparative experiments that is filled with aqueous and organic phases (standby condition). The compositions of the aqueous and organic phases in the experiments with the mixer-settler were the same as those with the emulsion flow extractor.
The mixer-settler is composed of a mixer part and a settler part. An aqueous phase and an organic phase are mixed with an impeller in the mixer part, and then separated by gravitational settling in the settler part. In the extraction experiments, both the aqueous and the organic phases were sent to the bottom beneath the impeller with the same feed rate. The aqueous phase was continuously introduced into the mixer part, while the organic phase was circulated between the mixer part and the settler part in order to keep the volume balance of the two liquid phases in these parts. The feed rate of the aqueous and organic phases was fixed to be 0.04 L min -1 , about 80% of the maximum pump speed. The mixing and phase separation conditions were checked at various impeller rotation speeds from 400 to 1200 rpm (revolutions per minute). For instance, at 600 rpm, the mixing state of the two liquid phases in the mixer part seems insufficient, while the aqueous phase in the settler part appears not so cloudy. In contrast, at 1200 rpm (about 80% of the maximum rotation speed) the two liquid-phase mixing in the mixer part seems sufficient, as is seen in Fig. 4B . The mixing state in the mixer-settler at 1200 rpm is similar to that in the emulsion flow extractor (see Figs. 4B and 4C) . However, at 1200 rpm, the aqueous phase in the settler part is too cloudy to drain, which makes the liquid-liquid extraction actually impossible; the phase-separating ability of the emulsion flow extractor is far superior to that of the mixer-settler, as is clearly seen by comparing Figs. 4B and 4C. Therefore, the extraction experiment with the mixer-settler was performed at 600 rpm impeller rotation speed with 0.04 L per minute feed rate. The total volume of the aqueous phase processed by the mixer-settler was 10 L. Figure 5 shows the extractability of Yb(III) as a function of the feed volume of the aqueous phase, comparing the emulsion flow extractor with the mixer-settler. The size (total volume) of the emulsion flow extractor is almost the same as that of the mixer-settler, i.e., about 1.1 L for both. The extraction performance of the emulsion flow extractor is always higher than that of the mixer-settler whose impeller rotation speed is 600 rpm, while the processing speed of the emulsion flow extractor (0.50 L min -1 ) is about 13 times higher than that of the mixer-settler (0.04 L min -1 ). Moreover, with the mixer-settler, even at 600 rpm impeller rotation speed, an oil film appears on the surface of the drained aqueous phase after settling for a long time, e.g., 10 h. Some droplets produced near an impeller may be too small to disappear in a short time, and thus, kept floating in the aqueous phase for a long time. In contrast, no oil film appears on the surface of the drainage processed with the emulsion flow extractor after settling for 10 h. That may be because the too small droplets such as those produced in the mixer settler do not form in the emulsion flow mechanism.
Plugging of head holes with particulate components
A single current type emulsion flow extractor has a fatal defect for practical use. When an aqueous solution (processing target) contains some particulate components, a head of the apparatus is easily clogged. A liquid-liquid extraction experiment under the same conditions as those described above except containing a lot of Al2O3 particles of 20 -25 μm diameters was made with using the apparatus. As the result, the head was immediately clogged and the apparatus became inoperative. Therefore, it is necessary for the practical use of the apparatus to remove such particles in advance by using a filter or membrane, or to discover some mechanism to trap them within the apparatus.
Conclusions
A single current "emulsion flow" extractor that performs continuous and efficient liquid-liquid extraction by only solution sending was introduced in the present study. The performance of a desktop emulsion flow extractor originally fabricated was evaluated in the extraction of Yb(III) and U(VI) from aqueous HNO3 solutions (pH 2) into isooctane containing 0.01 M D2EHPA and compared with that of a commercially available mixer-settler. The extractability of these metal ions with the emulsion flow extractor was constantly about 90%. The extraction performance was not much affected by a change in the feed rate of the aqueous phase (processing target). The efficiency of mixing two liquid phases in the column part of the emulsion flow extractor was found to be comparable with that in the mixer part of the mixer-settler. That is, the emulsion flow extractor performs efficient liquid-liquid extraction comparable to the mixer-settler by only solution sending without any continual mechanical forces such as stirring or shaking. In other words, the initial and running costs of the emulsion flow extractor are markedly low due to its simplicity in structure compared with those of conventional extractors using a continual mechanical force for the two liquid-phase mixing. Moreover, the ability of separating two liquid phases in the phase-separating part of the emulsion flow extractor proved to be far superior to that in the gravitational settler part of the mixer-settler. It was confirmed that the emulsion flow extractor performed much speedier processing than the mixer settler. On the other hand, a fatal defect of the single current emulsion flow extractor for practical use was pointed out. The head holes (meshes) in the apparatus were easily plugged with particulate components contained in an aqueous phase of the processing object.
